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Chapter 1 
INTRODUCTION 
 
 
1.1 INTRODUCTION 
The rapid cooling of high temperature metal surface, which is generally called quenching 
or rewetting process, is one of the most important processes of heat treatment. Hundreds of 
years ago, people used dip quenching for improving swords hardness which are formed by 
simply heated and plunged into a bath of water. Nowadays, the quenching has become as 
one of the main processes in many vital industrial applications such as;   
 
1.1.1 Manufacturing Process 
The product quality from many manufacturing processes depends on thermal response of 
the material to the cooling methods that are employed during manufacturing. The product 
quality does not only include physical dimensions, but also mechanical properties. Some 
examples of manufacturing processes of interest are hot rolling, casting, extrusions, forging, 
annealing, and strip-steel on run table, where the last one is shown in Fig. 1.1.  
 
1.1.2 Safety nuclear reactors 
For a safe operation of water-cooled nuclear reactors, it is necessary to predict accurately 
the rate of heat removal from fuel elements during a loss of coolant accident (LOCA). To 
prevent the cladding from overheating and to reestablish convective wet-wall cooling, wa-
ter is injected in the hot reactor core. However, due to heat decay in the fuel element, the 
cladding surface temperature rises above the rewetting temperature which leads to a stable 
vapor blanket that prevents the immediate return to liquid-solid contact. Quenching is the 
re-establishment return of liquid contact with a hot cladding surface and, thereby, bringing 
it to an acceptable temperature. It is worth mentioning that the lack of efficient emergency 
cooling system was responsible for about 55% of the nuclear reactor accidents until 1995 as 
shown in Fig. 1.2.  
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Fig. 1.1 Cooling by planar jet of hot steel strip steel after rolling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2 Reasons of Nuclear Reactor Accidents until 1995 (IEEE). 
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1.1.3 Microelectronic Cooling 
Electronic technology is developing rapidly and, with it, the problems associated with the 
cooling of microelectronic circuits and computers require effective cooling of the micro-
chips. Generally, the higher the power and the higher the speed, the more heat will be gen-
erated. So much so that it is necessary for experts in the fluid and thermal sciences to be-
come involved with the cooling problem. Spray nozzle and impinging cooling are one of 
the various techniques that are used in the cooling of electronic chips as shown in Fig. 1.3. 
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Fig. 1.3 Spray nozzle for cooling electronic chips. 
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1.1.4  Quenching phenomena  
Due to the necessity of quenching process for industrial development, the scientists and 
researchers have carried many experimental and analytical studies for the sake of under-
standing quenching phenomena. Most of the researchers can be divided into two groups 
according to the main interest, the first group includes those who are interested in the me-
chanical properties of metals such as hardness, and the second group includes those who 
are interested in the mechanism of heat transfer during cooling process. In this study, a 
brief history about the literatures related to the second groups will be presented.  
The quenching process has been defined by many researchers in different ways. Nelson [1] 
defined quenching as the rewetting process for establishing direct liquid contact with a 
large portion of the surface whose initial temperature exceeds that associated with wetting. 
According to Dua and Tien [2], surface rewetting refers to the establishing of liquid contact 
with a solid surface whose initial temperature is higher than the sputtering temperature, 
which is defined as the temperature up to which a surface may wet. Chan and Banerjee [3] 
defined that the rewetting is the re-establishment of continuous liquid contact with a hot dry 
surface. It has been found experimentally that rewetting always occurs when the tempera-
ture of the hot surface is below a certain value generally referred as the rewetting, sputter-
ing or Leidenfrost temperature. Other authors defined rewetting phenomena according to 
the boiling regions over the hot surface, for example Iloeje et al. [4] defined rewetting as the 
onset of transition or unstable boiling in going from stable film boiling to nucleate boiling, 
and found that it corresponded to the minimum film boiling heat flux on the standard boil-
ing curve. Also Carbajo [5] reported that rewetting or quenching of a hot surface occurs 
when the coolant reestablishes contact with the dray surface. Furthermore, this phenome-
non takes place when the temperature of the surface cools down enough to allow a change 
in heat transfer region from film boiling to transition or nucleate boiling.  
 
1.1.5 Difficulties of this study  
The scientists and researchers of quenching phenomenon have faced some difficulties en-
countered during the progress of this study. These difficulties can be summarized as fol-
lows: 
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I) The quenching or rewetting process involves a large number of sub-processes that are 
themselves complicated.  
II) Modeling the two-phase flow behavior at high heat fluxes. 
III) To get reliable data in measurement of the fluid state in the immediate vicinity of 
the heated surface (in general, an overall information on the whole area of the 
heated surface is required). 
IV) The difficulty rises from not noticing important key features associated with 
quenching phenomenon, which is likely to form a different image of the quenching 
mechanism.  
Scientists and researchers have become eager to adopt new methods that lead to deeper 
understanding of quenching phenomena and overcoming the above-mentioned difficulties. 
Their efforts have lead to more clarification of this phenomenon. In literature review sec-
tion, the experimental and analytical studies on rewetting phenomena in various modes dur-
ing the last three decades will be explained. Before mentioning the literature review, a brief 
explanation of boiling and cooling curves correspond to quench front is thought to be worth 
telling as a simple introduction to basic information about a hot surface during quenching. 
 
1.1.6 Boiling and cooling curves  
When a liquid jet flows along a hot surface whose temperature exceeds the rewetting tem-
perature, the quench front advances in the direction of the flow. The quench front divides 
the heated surface into two zones: a quenched (wet) zone, in which there is effective heat 
transfer to the coolant; and a downstream, precursory cooling region (dry zone), in which 
film boiling occurs. To illustrate the physics of the quenching phenomena, a schematic rep-
resentation of the observed cooling regions is given in Fig. 1.4. The representation is based 
in information extracted from the video photo images, as well as from temperature histories 
of the surface. The surface temperature is generally noted as the single most important pa-
rameter in quenching and is used to define the four distinct heat transfer regimes of the 
boiling and cooling curves as shown in Figs. 1.5 and 1.6, respectively. In Fig. 1.5, part B 
will be first sounded by vapor blanket and heat transfer from the surface to the liquid across 
a vapor film, which is shown in the figure as film boiling regime by the range I-H. As the 
surface cools, the transition boiling regime represents a condition where unstable vapor 
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blankets form and collapse accompanied by intermittent wetting of the surface, shown by 
range J-I. The onset of this regime is known as Liedenfrost point. With the decrease in 
temperature, the heat flux steadily increases and reaches a maximum value, known as criti-
cal heat flux (CHF), as shown by point J. The nucleate boiling regime exists in the tem-
perature range between points K and J. With increasing heat flux or wall temperature, the 
generation of vapor progresses from a few relatively small bubbles at point K to many large 
bubbles coalescing near point J. The single phase forced-convection regime represents heat 
transfer in the absence of boiling.  
While the boiling curve has found wide use in most boiling studies, the temperature-time, 
or cooling, curve shown in Fig. 1.6 is more frequently used in quenching studies. The curve 
displays the cooling history for the surface and exhibits the four heat transfer regimes iden-
tified on the boiling curve.  The patterns of liquid-surface contact and ensuring heat transfer 
are characteristically different in each of the four regimes. Cooling commences at a rela-
tively slow rate in the film boiling regime, where the liquid is separated from the surface by 
continuous vapor blanket. Liquid-solid contact, both partial in the transition boiling regime 
and more abundant in the nucleate boiling regime, greatly accelerates the cooling process in 
the respective regimes. Cooling finally subsides in the single-phase liquid cooling regime 
as bubble activity completely ceases. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4 The flow boiling aspect on the surface at a specific time. 
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Fig. 1.5 Pool boiling curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.6 Cooling curve on a specified position 
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1.1.7 Types of quenching process 
The cooling process is characterized by the formation of a wet patch on the hot surface, 
which has eventually been encountered by a steadily moving quench front. As the quench 
front moves along the hot surface, two regions can be identified, a dry region ahead of the 
quench front and wet region behind the quench front [6]. There are many processes of 
quenching used on practical industrial applications, among which the following three types 
are considered to be the most common: 
 
1.1.7.1  Bottom reflood and top reflood 
Quenching associated with reflood has been studied extensively with many separate ef-
fects and integral experiments. This type of quenching process is usually used in reactor 
core to keep the clad from overheating and to reestablish cooling. There are two types of 
reflood; bottom or forced reflood and top or gravity reflood as shown in Fig. 1.7. These two 
types of reflood experiments have led to a better understanding of the rewetting processes.   
 
 (a)  
 
 
(b) 
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Fig. 1.7 Bottom reflood and top reflood 
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1.1.7.2  Jet impingement 
Jet impingement cooling is a very efficient method for achieving high rates of heat re-
moval. The heat transfer coefficients for systems of this type typically exceed the ones for 
pool boiling enormously, starting at values of about 10.000 W/m²K [7]. This characteristic 
makes the use of impinging liquid jets the preferred cooling method for many practical ap-
plications. Figure 1.8 shows the quenching point, rewetting velocity and wetting front dur-
ing jet impingement of a high temperature surface.  
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Fig. 1.8 Jet impingement cooling process 
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1.1.7.3  Spray Cooling 
Spray cooling is an integral part of many manufacturing processes and is particularly 
relevant to high temperature processes as shown in Fig. 1.9. It may provide heat flux in ex-
cess of 107 W/m2, and thus widely used in many industrial fields [8]. There are many theo-
retical and experimental studies of quenching phenomena during liquid droplets contacting 
a high temperature surface. A spray consists of a dispersion of fine drops formed by either 
supplying liquid at high pressure through a small orifice (plain orifice spray) or by assisting 
liquid breakup with a high pressure supply of air (atomized spray). Liquid breakup results 
in a drastic increase in particle (drop) interfacial area to volume ratio. The combination of 
small particle size and large impact momentum are key attributes of spray cooling, resulting 
in significant increases in cooling effectiveness per flow rate over other cooling tech-
niques.[9]    
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Fig. 1.9 Spray cooling process 
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1.2 LITERAL REVIEW  
A large number of experimental and analytical studies on rewetting phenomena in various 
modes have been carried during the last three decades, see Table 1.1. From those studies, 
the fundamental concept of main characteristics of rewetting phenomena (rewetting tem-
perature, rewetting velocity and maximum heat flux) are mentioned here briefly along with 
a historical review which can provide necessary information to understand the present prob-
lem. 
 
1.2.1 Rewetting temperature 
The local wall temperature at the quench front is important for theoretical modeling of the 
rewetting problem. There has been confusion in the specialized literatures concerning the 
exact definition of this parameter manifested in the variety of synonyms used to identify it, 
such as quench, sputtering, minimum film boiling, Leidenfrost temperature etc., which does 
not always represent the same physical phenomenon [10]. 
Dua and Tien [2] carried an experimental work that involved a falling film of liquid nitro-
gen to rewet a copper tube initially at room temperature. When the liquid film progresses 
downward on a vertical hot surface, the surface is cooled down from its initial wall tem-
perature, Tint, to the rewetting temperature, Twet, at which the surface begins to wet. They 
found that the measured rewetting temperature does not correspond to either of two tem-
peratures at which the maximum or the minimum heat flux of pool boiling occur, but is in-
stead represented by the Leidenfrost temperature of liquid nitrogen on the copper surface.  
Filipovic et al. [11] divided the transition boiling at leading edge into two different zones, 
one of which was “bell” shaped (TB1), while the other resembled a “corona” shaped (TB2). 
Zone TB1 was several centimeter long, and its “bell” shaped is physically bounded by tem-
perature corresponding to the critical heat flux, TCHF, and rewetting temperature, Twet, on 
the left and right ends, respectively, as shown in Fig. 1.6. Zone TB2 was several millimeter 
long, and the right boundary of this zone coincides with the location of the apparent rewet-
ting temperature, TAR, while the left boundary coincides with the actual rewetting tempera-
ture, Twet. The location of the apparent rewetting temperature marks the onset of accelerated 
cooling of the test specimen, but does not ensure liquid-solid contact.  
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Fig. 1.10 temperature at the quench front region [11] 
 
The approach of Gunnerson and Yackle [12] was adopted that distinguished between a 
quench front temperature and a rewetting temperature.  The quench temperature, termed 
here as apparent rewetting temperature, TAR, is defined as the intersection between the tan-
gent line to the temperature-time curve (or the equivalent curve of temperature vs. axial dis-
tance) at the point where its slope is the largest, with the tangent to the curve before 
quenching as shown in Fig. 1.10. TAR marks the onset of a rapid surface cooling caused by 
an enhanced rate of heat transfer that does not necessitate liquid–solid contact. The rewet-
ting temperature, on the other hand, is the temperature at which a triple interface, gas-
liquid-solid, is formed. This temperature is difficult to define from the measured tempera-
ture-time curve. In their study, Seba et al. [13] reported that rewetting temperature is consid-
ered as the highest temperature at which the slope of the surface temperature.  
Apparent rewetting temperature established by the intersection of tangent lines to the 
‘knee’ of the measured temperature-time trajectories are correlated by Kim and Lee [14] as a 
function of the wall properties, wall initial temperature and the coolant inlet temperature 
and mass flux, G, as follows: 
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where k, ρ and c are the wall thermal conductivity, density and specific heat, respectively, d 
is the wall thickness and Z is elevation. Equation (1.1) was found to predict the measured 
TAR within ± 10% accuracy. 
Rewetting of a hot surface occurs when a contact is established between the solid and the 
liquid film adjacent to it. Thus, the rewetting temperature can be described as an interface 
temperature of two suddenly contacting materials. The instantaneous interface temperature 
of two suddenly contacting bodies has been commonly determined from the solution of the 
Fourier heat equation. Assuming the wall prior to rewetting to be at temperature TAR and the 
liquid at Tliq then the rewetting temperature, Twet, is given by [15] as: 
 liq
liqAR
wet T
TT
T ++
−= β11                                                                                                     (1.2) 
where β is the ratio between the wall properties and liquid, ( ) ( ) ./ liqs caca ρρ  
Equation (1.2) implies that the rewetting temperature varies linearly with the surface tem-
perature prior to quenching, represented by TAR. This behavior was observed qualitatively 
by Yu [16] and by Edelman et al. [17].  
 The rewetting temperature, Twet, is the temperature at the starting point of its sharp drop 
[18, 25]. Carbajo [5] defined the rewetting temperature as the minimum film boiling tempera-
ture, Tmin, and is equal to the Leidenfrost temperature for saturated liquids on isothermal 
surfaces. Elias and Yadigaroglu [19] reported that the rewetting temperature or the Lei-
denfrost temperature is usually defined as the temperature at which a droplet eventually 
wets a hot surface.  
 
1.2.1.1  The parameters that influence rewetting temperature 
Hall et al. [20, 21] found that the rewetting temperature increases with increasing jet velocity 
and increasing void fraction. Bernardin et al. [22, 23] found that the Leidenfrost temperature 
decreases with increasing surface roughness. Dhir et al. [24] reported that the quenching 
temperature increases with liquid subcooling and flooding velocity. Lee and Shen [25] found 
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that the rewetting temperature seems to be independent of coolant vapor quality and coolant 
flow rate but affected by the initial wall temperature. Dua and Tien [2] found that rewetting 
temperature for smooth surface is lower than that for a rough surface.   
 
Therefore, the rewetting temperature has different values corresponding to the above men-
tioned papers, and these values are listed in Table 1.2,  
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Table. 1.2 Rewetting temperature value 
Others Surface material 
Liquid type and
temperature, °C
Type of 
experiment 
Rewetting  
temperature, 
°C 
     
Baumeister et al. [26] Aluminum Water, 100 Drop 153 
Peterson et al. [27] Pt Water, 100 Pool/Wire 150 
Bernardin et al. [23] Copper Water, 23 Drop 190 ~ 225 
Cui et al. [28] Copper 
Adding salts to 
water, Room tem-
perature 
Sprays 140 ~ 220 
Hall et al. [20, 21] Copper Water and air, 25 Jet impingement 200 ~ 450 
Silver-
coated  
Copper 
133 ~ 168 
Mitsutsuka et al. [29] 
Steel 
Water, 55 Vertically  
immersed 
140 ~ 180 
Ueda et al. [18] Stainless 
steel 
R-113, 50 - 80 Top flood 135 
Dua and Tien [2] Copper Liquid nitrogen Top flood -170 ~ -180 
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1.2.2 Rewetting velocity 
Rewetting velocity is a measure of the speed at which surface rewetting occurs. It gives an 
indication of how quickly the coolant contributes to effective heat removal from the hot 
surface [30]. The prediction of the rewetting velocity has been the main goal of many inves-
tigators. However, there is confusion in the specialized literatures about determining the 
location of the rewetting velocity on the heated surface. Locating the position of the wet 
front is very difficult either because of the very fast wet-front velocities or due to the large 
generation of vapor which prevents clear visibility of the wet front [2].  
Dua and Tien [2] defined wetting velocity as wet-front velocity which was calculated by 
measuring the time taken for the wet front to pass between two marked locations on the 
tube surface. The time taken by the wet front to traverse this distance is measured directly 
by a stop watch and also by the chart recorder with the aid of an electronic marker which is 
pressed to mark, on the T-t plot, both of the times when the wet front passes through two 
specified locations on the tube.  
Some researchers [18, 25] measured the wet front velocity by the time interval ∆t taken for 
the wet front to travel a distance d between two thermocouples measured the locations of 
the starting point of sharp drop of temperature which is defined as the rewetting tempera-
ture as shown in Fig. 1.11. A mean velocity of the a wet front was then derived by 
tdU ∆=                                                                                                                (1.3) 
T w
[°C
]
150
Tsat50
100
0 1 2 8 9 10
TC2
Twet∆t
TwetTC1
TC4
TC1
TC2
TC3
t  [sec]
U = 2.4 mm/s
T w
[°C
]
 
Fig. 1.11 Temperature-time history of thermocouples located on the tube surface [18] 
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Dhir et al. [24] defined the rewetting velocity as quench front velocity which is obtained by 
taking slop of the curve representing location of quench front as a function of time. Peng et 
al. [31] investigated analytically the wetting front velocity of a thin liquid film flowing over 
a hot flat plate. They mentioned that in all the previous experimental data, the time ∆t was 
measured from the instant the liquid first came into contact with the hot surface to the point 
when the liquid had traveled some distance d along the plate. But, when the liquid initially 
arrives at a surface whose temperature is greater than the wetting temperature, the liquid 
dose not immediately wet the plate. As a result, the time in which the liquid actually travels 
and wets the plate, ∆twet, should be expressed as the difference between the actual measured 
time , ∆t, and the time required for the liquid to cool the region immediately beyond the 
leading edge and begin to advance, i.e. 
 ∆twet = ∆t - ∆ton                                                                                                         (1.4) 
where ∆twet is the time required to cool the hot surface to Twet, henceforth referred to as the 
onset time. 
Chan and Banerjee [3] obtained rewetting velocity by taking the time difference between 
the quenching of adjacent thermocouples along a horizontal channel. The top, mid-side, and 
bottom thermocouples are used to obtain the local rewetting velocities at these locations. 
Three average rewetting velocities were defined as, TV , SV  and BV  at sections A-A
',  B-B' 
and C-C’, respectively, as shown in Fig. 1.12. Theses velocities, in general, are not equal 
but close to each other.  
 
 
 
 
 
 
 
 
 
 
Fig. 1.12 Characteristics of horizontal channel rewetting 
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Saxena et al. [30] studied experimentally the rewetting behavior of a hot vertical annular 
channel, with hot inner tube, for bottom flooding and top flow rewetting condition. They 
calculated the rewetting velocity for bottom and top flooding rewetting from Eqs. (1.5) and 
(1.6) respectively; 
 
84.0
2
7285



=
outint
wet r
W
c
u πθρ                                                                                             (1.5) 
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u πθρ                                                                                             (1.6) 
 
Ueda and Inoue [18] obtained rewetting velocity by using Yamanouchi 1-D solution as 
show in the following equation: 
 
),()(
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where  
[ ] )())(()( 2/1 satwetwetwisatwi TTTTTTTF −−−=∆  
 
 
1.2.2.1  The parameters that affect rewetting velocity 
Some researchers [3, 18, 24, 30, 32] found that the rewetting velocity increases with increasing 
the product of the liquid subcooling and flow rate. It was found that the rewetting velocity 
decrease with increasing initial wall temperature [18, 31, 3, 24, 30]. Lee and Shen [25] found that 
the rewetting velocity increases with increasing coolant vapor quality. Chen et al. [33] found 
that the rewetting velocity tends to decrease with increasing wall thickness, as predicted by 
the simple one-dimensional analysis. Dua and Tien [2] found that the rewetting velocity on a 
smooth surface lower than that on a rough surface. 
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1.2.3 Maximum Heat Flux 
Maximum heat flux is an important condition that defines the upper limit of safe operation 
of heat transfer equipment. Although many significant researches have been conducted to 
clarify the basic mechanism of the maximum heat flux condition during quenching, this 
point is not clearly understood. There are two groups of researchers that have studied the 
maximum heat flux during quenching.  
 
1.2.3.1  Critical Heat Flux, (CHF) 
Researchers of this group have estimated the maximum heat flux on the surface from the 
liquid side which is defined as critical heat flux (CHF) or steady critical heat flux. In steady 
state experiments, heat transfer rates are derived from a thermal balance between the power 
input, usually electric, into an appropriate sample and the heat transferred to the liquid [8]. 
As noted in section 1.1.6, the pool boiling curve generally exhibits a maximum or critical 
heat flux, CHF, at the transition between nucleate and transition boiling as shown in Fig. 
1.5.  
  
1.2.3.2  Transient Heat Flux 
Researchers of this group have estimated the maximum heat flux on the surface from the 
solid side which can be defined as the transient heat flux or maximum heat flux, qmax, as 
shown in Fig.1.13. The surface heat flux qw, which cannot be measured directly, is esti-
mated from internal energy by measured temperature inside the solid and employing certain 
techniques. Researchers have developed many methods to estimate the surface heat flux. 
Sano and Kawazoe [34] conducted an experimental work through cooling a hot thick metal 
plate by impinging a plane water jet to clarify the transit behavior of boiling heat transfer 
performance along the surface. They estimated surface temperature and heat flux by using 
the following equation:  
BAeT RYY += )(                                                                                                           (1.8) 
where Y is the depth from the surface, TY is the temperature at position Y and A, B and R are 
coefficients. They found that the maximum surface heat flux occurs when the surface tem-
perature suddenly falls down.  
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Mitsutake and Monde [35] studied experimentally the transition boiling heat transfer during 
a cooling of a hot cylindrical block with an impinging water jet.  They numerically esti-
mated surface heat flux by using 2-D energy balance equations. They found that the maxi-
mum heat flux at a certain radial position seems to occur where nucleate boiling region oc-
curs.  
Filipovic et al. [11] studied the transition boiling experimentally by using a large preheated 
test specimen exposed to a water wall jet on its top surface. The two-dimensional transient 
condition was obtained numerically by using control-volume approach. They found that the 
reduction in the maximum heat flux with time corresponds to a decreasing slope of the lon-
gitudinal temperature distribution in the nucleate boiling regime as shown in Fig. 1.13. By 
coupling between the observation image and surface condition, they found that the maxi-
mum heat flux occurs near the leading edge as shown in Fig. 1.10. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.13 Surface heat flux distribution at different times during quenching [11]. 
 
By the comparison between the critical heat flux and the transient maximum heat flux, 
Ueda et al. [36] found that the critical heat flux coincides with the maximum heat flux ob-
tained by transient cooling high thermal capacity copper test section. For cooling high cy-
lindrical block, Mitsutake and Monde [35] found that there are an agreement between critical 
heat flux and maximum transient heat flux for copper block, while disagreement is noticed 
for the brass. Ueda and Inoue [18] found that the maximum heat flux shows a somewhat 
higher value than the critical heat flux.  
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1.2.3.3  Parameters that influence maximum heat flux 
Barnea and Elias [10] found that the maximum heat flux increases with increasing the liq-
uid inlet velocity and subcooling. Chen et al. [33] found that the CHF increases slightly with 
the coolant flow rate and it is independent of the initial wall temperature. Dua and Tien [2] 
found that the maximum heat flux increases with increasing surface roughness.  Other re-
searchers [11,20,33,36] investigated the effect of axial distance on the surface heat flux, and 
found that maximum heat flux decreases with increasing axial distance from the inlet along 
the test section.  
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1.3 COMMENTS  
With regard to the above mentioned literature review, we can state the following difficul-
ties that researchers have faced when trying to fully understand the characteristics of the 
quenching phenomena:    
 
1) There is confusion for defining the rewetting temperature during quenching. From the 
available literatures, the researchers have been divided into three groups according to 
the different definitions of rewetting temperature. The first group [2,11,24,35] defined it as 
a wetting front temperature. The second group [18,25,43,44,45] defined it as the temperature 
of the starting of sharp drop. The third group [4,5,19,46] defined it as the temperature co-
incides with the minimum heat flux.  
 
2) The location of the maximum heat flux, qmax, at the hot surface during quenching is 
very important for understanding the behavior of quenching phenomena. Most of the 
researchers [2,10,11,18,24] have found that the maximum heat flux occurred at the location 
of the wetting front position. Other researchers [34,35] found that the maximum heat flux 
occurs where nucleate boiling region occurs. 
 
3) The rewetting velocity has many different definitions resulted from the differences 
concerning its location at the surface either from the liquid side or from the solid side. 
Dua and Tien [2] defined rewetting velocity as the wetting front velocity. Some re-
searchers [18,25] defined it as the velocity corresponds to a sharp drop of temperature. 
Chan and Banerjee [3] defined it as the total average of three velocities, film boiling, 
partially quenched and totally quenched. 
 
4) Surface temperature and heat flux are important parameters for understanding the 
quenching phenomena. Some researchers [11,47] considered the measured temperature 
close to surface as a representative of surface temperature, while others used the meas-
ured temperature in energy balance equation to estimate surface temperature and heat 
flux. However, two groups of researchers can be recognized where the first group [2, 8, 
33, 36,47] used one-dimensional solution while the second group [11,34,35,36] used two-
dimensional solution to estimate surface heat flux. 
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The above mentioned difficulties are believed to be originated from the following reasons:  
 
1) Most of the researchers have used several numerical solution techniques for estimat-
ing surface condition. However, such techniques require powerful computers to run 
big programs that constitute usually many complicated equations. On the other hand, 
the accuracy of the numerical solutions is still low due to the errors resulted from 
running large programs, in addition to the fact that these solutions have less flexibil-
ity to determine heat transfer condition.  
 
2) Most of the researchers have not made any relation between the liquid and heat 
transfer conditions during quenching by observing the liquid behavior over the hot 
surface. Even those who have observed this phenomenon could not record it accu-
rately since the quench front moves rapidly within very short time, fractions of a 
second. 
 
3) Most of the researchers have used measuring instruments of low accuracy and slow 
response to measure parameters, such as temperature, that change with the propaga-
tion of the quench front over the hot surface at a rate of fractions of a second. 
 
4) Most of the researchers who have investigated this phenomenon could not consider 
all the parameters that influence the propagation of quench front with time and posi-
tion together. This has led to incomplete understanding of the characteristics of this 
phenomenon.  
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1.4 OBJECTIVES 
As a trial to solve the difficulties mentioned above, the present research is carried in 
which a powerful analytical technique is adopted that is more accurate and flexible than the 
techniques used by previous researchers. On the other hand, a high speed video camera is 
used so that it can record the progress of the investigated phenomena within very short in-
tervals of time, fractions of a second.  
This research is of experimental type that is performed to understand the characteristics of 
heat transfer and wetting front during quenching a high temperature cylindrical block with 
water jet at atmospheric pressure. The temperature is measured inside the block at two dif-
ferent depths from the hot surface. The movements of both wetting front and transition 
boiling region over the heated block surface are observed using a high speed video camera. 
Therefore, the main objectives can be declared as:  
 
1) to develop two-dimensional inverse heat conduction problem for determining the 
surface temperature and heat flux from measured temperature at two different 
depths of several points inside a cylindrical block by using the Laplace transform 
technique.  
 
2) to determine the maximum heat flux and maximum heat transfer coefficient on the 
heated surface. 
 
3) to measure the size and position of the transient region and the wetting front during 
their movement with time. 
 
4) to determine the value of surface temperature at which the wetting front, stop boil-
ing, maximum heat flux and maximum heat transfer coefficient occur. 
 
5) to determine the resident time of wetting front, which is the time needed for the liq-
uid to expand from stagnation zone towards the circumference over the heated block 
  
6) to determine the velocity of  wetting front during propagation over the hot surface.  
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1.5 SCOPE OF THE DISSERTATION 
This dissertation describes an experimental study on the characteristics of heat transfer 
and wetting front during quenching by a water jet impingement. It is divided into five chap-
ters: 
 
Chapter 1 provides a comprehensive literature survey on rewetting phenomena and pre-
sent study with its objectives. 
 
In Chapter 2, a two-dimensional inverse heat conduction problem, IHCP, is developed for 
determining the surface temperature and heat flux from measured temperature at two dif-
ferent depths of several points inside a cylindrical block by using the Laplace transform 
technique. 
 
In Chapter 3, details of the experimental setup are presented. Experimental procedure, 
measurement ranges and uncertainties are also described in this chapter. 
 
In Chapter 4, attempts are made to explain the characteristics of heat transfer and wetting 
front during quenching a high temperature solid with an impinging liquid jet. All data are 
presented and analyzed in various ways to understand the mechanism of wetting high tem-
perature surface by using many parameters, for example; different type of block materials, 
different initial block temperatures, different liquid temperatures and different jet velocities. 
 
In Chapter 5, Concluding remarks are enumerated. 
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Chapter 2 
TWO-DIMENSIONAL INVERSE  
SOLUTION 
 
 
 
2.1 INTRODUCTION 
The Inverse Heat Conduction Problem (IHCP) is the necessary technique to determine 
surface temperature and heat flux from measured temperatures inside a body since the di-
rect measurement of the surface temperature usually becomes impossible in various appli-
cations, such as the surface temperature of the vessel around the nuclear reactor after severe 
loss of coolant in a light water reactor. To date, various methods have been developed for 
the analysis of the IHCP involving the estimation of surface conditions from measured 
temperatures inside a body. There are a few analytical methods which have been adopted to 
deal with two-dimensional IHCP. Several numerical works have been presented for two or 
three-dimensional IHCP although the difficulty of these problems was more pronounced 
than in one-dimensional IHCP. To formalize two-dimensional IHCP, Hsieh et al. [51] and 
Bell [52] employed a differential method, Lithouhi et al. [53] employed a finite element 
method and Shoji et al. [54] employed a boundary element method. Moreover, Huang et al. 
[55] carried out the IHCP solution to estimate boundary fluxes in an irregular domain with 
the conjugate gradient method. Although the numerical computation method may be effi-
cient in achieving the inverse results it cannot provide us with enough information to un-
derstand the characteristics of the whole solution and the effect of influencing factors [56, 57]. 
The analytical method to one or two-dimensional IHCP that are of simple geometrical con-
figuration [58, 59, 60] for which the solution may be simple and explicit is more attractive than 
the numerical computations. One reason is the characteristics of the whole solution can be 
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grasped easily and, secondly the time needed for calculation is much shorter. Using the 
Laplace transform technique, Imber [59] proposed an inverse solution to the two-
dimensional cylindrical system, which, unfortunately, is of low accuracy and therefore is 
hard to be recommended. More recently, Monde [60] proposed an inverse solution for one-
dimensional IHCP by using the Laplace transformation technique, which successfully pre-
dicts the surface temperature and heat flux with high accuracy. Compared to the conven-
tional analytical method, the solutions obtained by Monde [60] are characterized by both im-
provement in stability raising and minimum predictable time decreasing. Monde and Mitsu-
take [61] also succeeded in measuring the thermal diffusivity by applying the inverse solu-
tion [60]. Compared to existing methods using the direct solution, in which accuracy of the 
measurement is strongly subjected to a set boundary condition, the measurement using the 
inverse solution possesses the advantage that it is independent of the set boundary condition 
and thereby, it is very easy to handle. 
The main objective of this chapter is to develop Monde’s technique for one-dimensional 
IHCP [60] to two-dimensional one of a cylindrical system, which is verified under one 
boundary condition to examine its applicability and its basic characteristics. Finally, this 
inverse solution is applied to estimate the surface temperature and heat flux from the actual 
temperatures, which are measured during a quench of high temperature cylindrical material 
with an impinging jet. 
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2.2 ANALYSIS OF TWO-DIMENSIONAL IHCP 
Figure 2.1 shows a schematic of a cross section of the cylinder involved. The mathe-
matical analysis of this case is based on the assumption that the circumference of the cylin-
der is thermally insulated, so that no heat transfer takes place with the surrounding, while 
the upper and lower surfaces are not.   
For an isotropic cylindrical material, the two-dimensional heat conduction equation can 
be written in a non-dimensional form as: 
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with initial and boundary conditions expressed as: 
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                                                                                                         (2.2) 
 
where the condition at γ = 0 results from the symmetry. 
 
2.2.1 General solution for the two-dimensional unsteady heat conduction for two sim-
plest sets of boundary conditions 
Assuming a uniform initial temperature (θ = 0) and applying the Laplace transform to 
Eq. (2.1), we obtain in subsidiary form as 
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A general solution is  
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where m and n are undetermined constants and possess a relation confined by m2 + n2 = -s.  
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Due to 
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The constants A, B, C and D are integral constants subjected to the surface condition. The 
four unknown constants here need four individual boundary conditions for the four surfaces 
to close the equations. By taking into account the boundary conditions, Eq. (2.4) turns to: 
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where J0(mjγ) is the Bessel function and mj is the eigenvalue which is the root of J1(mj) = 0. 
The two unknown constants Cj and Dj are going to be determined by the measured tempera-
tures on two different lines (ζ = ζn, n = 1, 2, ζ1 < ζ2) inside the cylinder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Cross-section of cylindrical block shows the positions of 16 measuring points at 
two different depths 
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2.2.2 Approximate equation depicting temperature variation on a line of ζ = ζn (n = 1, 
2) inside the cylinder 
The temperature variation with time along coordinate γ on a line of ζ = ζn (n = 1, 2) may 
be approximated from Eq. (2.6), in which the temperature variation with time is expressed 
by a half polynomial series: 
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There are two reasons allowing us to adopt the form of half polynomial series of time 
here: (1) the general solution of heat conduction possesses the item of root of time; (2) one 
dimensional IHCP, which uses the form of half polynomial series of time in temperature 
approximation, has achieved success. In Eq. (2.6), the time lag *nτ   is determined by setting 
)2( *nnerfc τγ = min(θ), where min(θ) is a minimum readable division of temperature-
measuring instrument. 
Expanding R(γ) in Fourier series by using Bessel function, J0(mjζ) which satisfies the 
boundary condition given by Eq. (2.2) , we can get the following equation: 
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 Unfortunately, determining the coefficients Aj and )(nkb  independently for a two-
dimensional function restricted to the planes of γ and τ, respectively, by using the second 
order regression method is impossible. As a trial to reduce the difficulty of this problem, we 
introduce a coefficient )(,
n
kjP  as a substitution of Aj and 
)(n
kb  together. Then, Eq. (2.7) is re-
formed as: 
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Applying Eq. (2.8) to the temperatures measured at the lins on ζ = ζn (n = 1, 2), we can 
have the coefficient )(,
n
kjP  determined. Then performing Laplace transformation to Eq. (2.8), 
we can get a subsidiary form as: 
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2.2.3 Characteristics of approximation equation 
Equation (2.8), which is used to reproduce the temperatures measured on the line ζ = ζn, 
is composed of Bessel’s Fourier series, J0(mjγ). As a characteristic of Fourier series [62], the 
increase of the employed eigenvalue generally improves its approximation. As a result, a 
requirement of a higher order of eigenvalue leads to an increase of the measuring points, 
which may allow us to encounter another difficulty in actual measurement and a complicate 
procedure in determining the coefficients )(,
n
kjP . The higher order terms make uncertainty in 
the measurement amplitude. In addition to these, from the viewpoint of measurement with a 
thermocouple, the measured temperature always includes some uncertainty, for example, 
uncertainties of a level from 0.1 to 1 %. Therefore, the number of eigenvalue, Nj, is re-
stricted to a limited value, which is recommended to be around Nj = 30 in the previous 
work [63], and in this work we adopted a value of Nj = 28. However, since the number of 
measuring points is 8 only, we used the Splines interpolation method to increase this num-
ber up to 29; equal to the adopted value of Nj. 
Apart from the number of eigenvalue Nj, it is necessary to discuss the number of terms 
related to time. Monde [60] recently reported that for the case of one-dimensional IHCP, the 
number of N, which is an order of half polynomial series of time used in reproducing tem-
perature change, is recommended to range from 5 to 8, beyond which no improvement is 
expected due to uncertainties in measured temperature. Therefore, we tried the same range 
in this work and we selected N = 5 because it was the best. 
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2.2.4 Calculation of surface temperature 
By applying Eq. (2.5) to ζ = ζn  (n = 1 or 2) and setting them equal to Eq. (2.9), we can 
have the coefficients of Cj and Dj in Eq. (2.5) determined, depending on the number of the 
unknown surfaces. After some tedious manipulations as the same as the previous work [13], 
we can finally express the inverse solution in the subsidiary forms for the surface tempera-
ture by setting ζ = 0 as:      
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Expanding the hyperbolic functions in Eq. (2.10) in series around s = 0 and multiplying 
them by )1( )12( +ks ; we can derive: 
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The functions of )2(,1 jK  and 
)1(
,1 jK  are written in the appendix. 
By performing the inverse Laplace transformation for Eq. (2.11), we can get the surface 
temperature as: 
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Detailed procedure for calculating the coefficients in Eq. (2.12) is mentioned in the ap-
pendix. 
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2.2.5 Calculation of surface heat flux 
The surface heat flux can be also derived as: 
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Using exactly the same procedure as we did in deriving the surface temperature, to 
achieve the surface heat flux, we also need to expand the hyperbolic functions in Eq. (2.13) 
in series around s = 0 and multiplying them by )1( )12( +ks , we can derive the heat flux as: 
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The functions of )2(,2 jK  and 
)1(
,2 jK  are written in the appendix. 
By performing inverse Laplace transformation to Eq. (2.14), we can get the surface heat 
flux as: 
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Detailed procedure for calculating the coefficients in Eq. (2.15) is mentioned in the ap-
pendix. 
 
2.2.6 Discussion of approximate equation for temperature variation 
Using Eq. (2.12) and Eq. (2.15), we can predict the surface temperature and heat flux 
explicitly. However, as we discussed in one-dimensional IHCP [60], when the Laplace op-
erator s is large enough, series expansion becomes incorrect leading to divergence of the 
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present inverse solution. With respect to the inverse Laplace transformation, the value of s 
should be limited in a small value that is exists a minimum time, only after which the in-
verse solutions (Eq. (2.12) for surface temperature and Eq. (2.15) for surface heat flux) be-
come applicable. In other words, it is possible for the inverse solution near s = 0 to predict 
the surface temperature and heat flux after the minimum time τmin. 
 
2.3 SIMPLE EXAMPLES FOR VERIFICATION OF THE PRESENT METHOD 
In order to verify the applicability of Eq. (2.12) and Eq. (2.15), we need the measured 
temperatures on two lines of ζ  = ζn  (n = 1, 2). Here, the temperatures calculated from a 
direct solution, which is derived for a given boundary condition mentioned below, are used 
as the measured temperatures. If the boundary condition is that the surfaces at γ = 0, 1 are 
insulated as given by Eq. (2.2) and the surface at ζ = 0 is given by Eq. (2.16), which will 
correspond to the IHCP solution, 
 
5.00,1 <<=Φ γ  and 0.15.0,0 <<=Φ γ      at 0=ζ                                        (2.16) 
 
then, the direct solution can be obtained from a text book [15]. 
The exact values of temperatures at any line of ζ  = ζn (n = 1, 2) are easily calculated 
from the direct solution. Since actual measured temperatures at ζ  = ζn always include some 
uncertainty, we may superpose normal random error on the exact value as given by the fol-
lowing equation: 
 
)105.01(),,(),,( εζγτθζγτθ sfNnexactnmes −×+×=                                                         (2.17) 
 
In Eq. (2.17), Nsf is the order of significant figure and ε is normal random error having an 
average value of m = 0 and standard deviation of σ = 1. Generally, for a measurement of 
temperature with thermocouple, Nsf is about 2 to 3 at most. By using the temperature ob-
tained from Eq. (2.17) into Eq. (2.8) we can determine the coefficient of )(,
n
kjP .  
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Figure 2.2 shows the variation of temperature at ζ1 = 0.02 calculated from Eq. (2.17) for 
the boundary condition given by Eq. (2.16). These temperatures at ζ1 = 0.02 are used to de-
termine the coefficients of )(,
n
kjP  in Eq. (2.8). Figure 2.3 shows the temperatures reproduced 
by Eq. (2.8), which was used to determine the coefficients of )(,
n
kjP . 
 
2.4 NUMERICAL CALCULATION RESULTS AND DISCUSSION 
Figures 2.4 and 2.5 show the surface temperature estimated by Eq. (2.12) and the surface 
heat flux estimated by Eq. (2.15), respectively. The temperatures used in the calculations 
are those on the two lines of ζ1 = 0.02 and ζ2 = 0.05 and the measuring points on each line 
are selected to be 29, which are interpolated from 8 points. In addition, the orders of Nj and 
N in Eq. (2.8) are set at 28 and 5, respectively. The order of significant figure is set at Nsf = 
3, which can be considered a sufficient error level that it is included in a measurement of 
temperature with a thermocouple.  
 
2.4.1 Discussing the prediction result 
The surface temperature is predicted very well within an error band of 1 % as shown in 
Fig. 2.4. However, the existence of the discontinuity point for the surface heat flux at γ  = 
0.5 makes the accuracy of its prediction degrade obviously and the estimated values present 
an error near to 10 % around γ = 0.5, as shown in Fig. 2.5 (a). The whole prediction, how-
ever, is still found to be satisfactorily accurate despite of the existence of the discontinuity 
point.   
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Fig. 2.2 Temperature change in a solid at ζ1 = 0.02 calculated from Eq. (2.17) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 Temperature reproduced by using Eq. (2.8) at ζ1 = 0.02 
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Fig. 2.4 Surface temperature estimated by Eq. (2.12) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 (a) Surface heat flux estimated from Eq. (2.15) 
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Fig. 2.5 (b) Surface heat flux estimated from Eq. (2.15) by applying linear interpolation 
method 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 (c) Surface heat flux estimated from Eq. (2.15) by applying quadratic interpolation 
method 
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2.4.2 Effect of increasing number of required temperature by interpolation 
Increasing the number of measuring points is necessary to get more improvement of 
temperature approximation and, consequently, improvement of the accuracy of the whole 
IHCP solution. In an analytical study it is easy to increase the number of temperature meas-
uring points, but in experimental work it becomes very difficult to do so by inserting many 
thermocouples inside the body due to the limited space and the accurate settlement of them. 
Because of these and the accurate settlement of them, we need an interpolative method to 
estimate the temperature at required points other than the measuring ones and we select 29 
points. Figures 2.5 (a), (b) and (c) show surface heat fluxes estimated by using three differ-
ent interpolation methods, which are Splines, linear and quadratic, respectively. As a com-
parison, these figures show that the Splines method gives the best surface heat flux distribu-
tion estimation among them.  
As for the number of measuring points, incidentally, we calculate the surface heat flux 
from different number of points, such as 15, 22 and 29 points by using Splines method. We 
found that 29 temperatures are enough to reproduce the surface temperature, although fig-
ures that show them are omitted here. The estimated heat flux resulted from 29 tempera-
tures, which were interpolated from 8 temperatures, is very close to that from actual tem-
perature at 29 points.  
 
2.5 APPLICATION TO EXPERIMENTAL MEASUREMENTS 
For more improvement of the two-dimensional IHCP solution we carried out experimen-
tal work under the following conditions:  
 
2.5.1 Experiment for moving heat source 
A hot cylindrical block of brass was cooled with an impinging water jet at atmospheric 
pressure. The water was 50 K subcooled with a jet velocity of 5 m/s and 2 mm nozzle di-
ameter. The block was initially and uniformly heated to about 250 °C and the transient tem-
peratures in the block during cooling were measured at sixteen points in r-direction of two 
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different depths from the surface; z1 = 1.28 mm and z2 = 5.14 mm, respectively.  Each depth 
is an average of eight points as shown in Fig .2.6. 
 
5.14 mm
1.28 mm
Nozzle
Thermocouples
Insulation
Water
 
 
Fig. 2.6 Cross-section of cylindrical heated block shows the positions of 16 thermocouples 
at two different depths 
 
 
2.5.2 IHCP analysis procedure 
The experimental parameters should be first converted to non-dimensional ones in order 
to accomplish the numerical analysis. Figure 2.7 shows the variation of the measured tem-
peratures by 8 thermocouples at the line of ζ1 = 0.021. These measuring points of tempera-
tures were increased from 8 to 29 points by implementing Splines interpolation method. 
The same procedure was followed for the line of ζ2 = 0.085. Then we inserted the measured 
temperatures after interpolation of each line ζ  = ζn (n = 1, 2) in Eq. (2.8) to determine the 
coefficients of )(,
n
kjP  using the least mean square method. The obtained values of 
)(
,
n
kjP  were 
then inserted into Eq. (2.8) to get reproduced temperature curves for the two lines. Figure 
2.8 shows the obtained reproducing temperature curve for the line ζ1 = 0.021. Figures 2.9 
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and 2.10 show the surface temperature estimated by Eq. (2.12) and the surface heat flux 
estimated by Eq. (2.15), respectively. As we see, the surface heat flux is predicted well, 
where heat is moved smoothly over the hot surface during cooling. However, the surface 
temperature shows some fluctuations at the beginning of the experiment and within a very 
short time. These fluctuations can be seen clearly when comparing between the reproducing 
temperature curve shown in Fig. 2.8 with the measuring temperature curve shown in Fig. 
2.7, therefore, there is no identification between the two. Because the measured temperature 
changes rapidly within a very short time from the beginning, we can conclude that Eq. (2.8) 
is not suitable to get an acceptable approximation of coefficients )(,
n
kjP . 
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2.6 TIME PARTITION METHOD 
To solve the problem of fluctuation we suggest another way to calculate the coefficients 
of )(,
n
kjP . This way is based on dividing the measured temperature data into, for example, 9 
partitions of time each of which contains a number of data. It is worth mentioning that we 
selected for the first three partitions a small time that increases gradually starting from the 
first one because of the fact that temperature changes rapidly within a very short time from 
the beginning. We then obtain the coefficients of )(,
n
kjP  for each partition from Eq. (2.8). The 
obtained values of )(,
n
kjP  are inserted separately again into Eq. (2.8) for each partitions. Fi-
nally, the reproduced temperature curves for all the periods can be gathered.  
By comparing the reproducing temperature curve shown in Fig. 2.11 with that shown in 
Fig. 2.7 we clearly see that there is a very good agreement between the two. As a result, the 
way of dividing measured temperature with time gives a good accuracy in getting the ap-
proximating coefficients of )(,
n
kjP  compared to that without dividing.  
We applied the partition method to estimate the surface temperature of the hot cylindri-
cal block during cooling. The approximating coefficients of )(,
n
kjP  obtained for each partition 
and for two lines were inserted separately into Eq. (2.12) to get an estimation of surface 
temperature for each division. These estimated surface temperature curves were gathered 
by matching the end of each curve with the beginning of the next one.  Figure 2.12 shows 
the estimated surface temperature for the whole case after gathering. Time durations are 
overlapped about 5 % for each partition to avoid the end effect. 
We followed the same procedure to estimate the heat flux by inserting separately the 
same approximating coefficients of )(,
n
kjP  obtained for each part of time into Eq. (2.15).  
Figure 2.13 shows the estimated surface heat flux curve for the whole case. 
The surface temperature estimated by applying the time partition method as shown in 
Fig. 2.12 is predicted very well compared with that obtained without partition and shown in 
Fig. 2.9. The surface heat flux shown in Fig. 2.13 is also predicted well by applying the 
time partition method. 
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Fig. 2.7 Measuring temperature data at z1 = 1.28 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8 Temperature reproduced by using Eq. (2.8) at z1 = 1.28 mm 
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Fig. 2.9 Surface temperature estimated by Eq. (2.12) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10 Surface heat flux estimated by Eq. (2.15) 
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Fig. 2.11 Temperature curve reproduced from Eq. (2.8) at z1 = 1.28 mm by applying time 
partition method 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.12 Surface temperature estimated from Eq. (2.12) by applying time partition method 
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Fig. 2.13 Surface heat flux estimated from Eq. (2.15) by applying time partition method 
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Chapter 3 
EXPERIMENT
 
 
Experimental facility and test procedure for collecting data during quenching a high 
temperature solid with an impinging water jet are described in this chapter. The experimen-
tal ranges are also mentioned in detail. Uncertainty estimations of the measurements and 
the calculated variables are also presented in this chapter.    
 
3.1 EXPERIMENTAL CONDITION 
The present work is of experimental type performed to understand the characteristics of 
heat transfer and wetting front during quenching a high temperature cylindrical block with 
jet water at atmospheric pressure. A number of experiments have been carried out for three 
different materials of the cylindrical block, copper, brass and steel. The initial temperatures 
of the block were 250 °C and 300 °C. The jet water had a variety of subcooling of 5, 20, 50 
and 80 K. The nozzle diameter was 2 mm, and the selected jet velocities were 3, 5, 10 and 
15 m/s. The temperature was measured at sixteen points inside the block and then used to 
estimate the surface temperature and heat flux by applying a two-dimensional inverse solu-
tion. Table 3.1 shows the different conditions investigated in the experiments.   
 
Table 3.1 Experimental condition 
Coolant Water 
Pressure 1 atm 
Nozzle diameter, dj 2 mm 
Material of block Copper, Brass (70% Cu, 30% Zn), Carbon steel (0.45%) 
Jet velocity, uj 3, 5, 10, 15 m/s 
Liquid temperature, Tliq 20, 50, 80, 95 °C 
Initial block temperature, Tint 250, 300 °C 
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3.2 EXPERIMENTAL SETUP 
The experimental apparatus, as shown in Fig. 3.1, consists of four major parts; a) Heated 
block capsule, b) Liquid circulation system c) Data acquisition system, and d) High-speed 
video camera.  
Referring to Fig. 3.1, the experimental procedure is accomplished as follows: distilled 
water is filled in the water container (3) up to a certain level which is observed by the level 
gauge (20). Water fills the whole pipelines up to the pump inlet. The regenerative pump (6), 
then, pumps the water so that it exits out of the nozzle (10). The position of the nozzle is 
fixed by adjustable device in such a way that the water jet (10) can strike exactly at the cen-
ter of the block (1). The shutter (24) is mounted in front of the nozzle to prevent water from 
striking the block (1) and to maintain water temperature constant by forcing it to run within 
closed loop system. The desired temperature of water is obtained by controlling main heater 
(4) and auxiliary heater (7). The initial temperature of block (1) is achieved by an electrical 
heater that is mounted around the block. The velocity of water jet is regulated by the regu-
lating valve (8). The nitrogen gas is fed around the heated surface block by opening cylin-
der valve (19) to remove the oxygen away from the heated surface and, consequently, pre-
vent oxidization from taking place. When all the desired experimental conditions are ful-
filled then the shutter (24) is removed and water jet strikes at the center of the heated block.  
The high speed vide camera (17) recorded the wetting front over the heated block surface at 
the same time the 16 thermocouples measured the temperatures inside the heated block.    
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1. Tested block 
2. Block holder 
3. Liquid tank 
4. Heater 
5. Cooling jacket 
6. Pump 
7. Auxiliary heater 
8. Regulating valve 
9. Thermocouple 
10. Nozzle 
11. Differential pressure 
12. Dynamic strain me-
ter 
13. Ice box 
14. Voltage amplifier 
15. A/D converter 
16. Computer 
17. High-speed video 
camera 
18. Spot light 
19. Nitrogen cylinder 
20. Level gauge 
21. Glass frame 
22. Vessel 
23. Cooling water 
24. Rotary shutter 
 
 
Fig. 3.1 Schematic of the experimental setup 
 
 
 
 
9 
23
17 
2
DP 
1
3
4
2011 
12 13 
14 
15
16 
9 
8 
7 
5
6 
22 
21
10
24
18
19
Chapter 3                                                                                                          EXPERIMENT 
   
 52
3.2.1 Heated block 
The heated block is cylindrical shape with 94 mm diameter and 59 mm height. In order 
to make it easy to fix the thermocouples inside the heated block, a part of it was cut along 
the vertical axis until 1.5 mm from the heated surface as shown in Fig. 3.2. The 16 thermo-
couples (CA-type, 1 mm diameter) are located at two different distances from the heated 
surface block; 2.1 mm and 5 mm. At each distance, eight thermocouples are inserted in the 
drill-made channels, with 1 mm diameter, to as deep as 20 mm inside the block in r-
direction until being embedded in the center of the cylinder block, as can be seen in Fig. 3.3. 
To protect the boiling surface from oxidation, the block surface was coated with a thin 
golden layer, 16 µm, which has excellent resistant property against oxidation and also has a 
good thermal conductivity; k ≈ 317 W/m/k.  The surface roughness is 0.2 ~ 0.4 µm. Hence, 
the effect of surface roughness on film boiling can be neglected. Figure 3.4 shows the as-
sembling of the block, where it is mounted in a block holder and is heated by an electrical 
sheath heater with 0.94 kW capacity, that is rotated around the block circumference. For 
thermally insulating the block and to keep uniform heat flux at the surfaces, two auxiliary 
heaters are used; one of them is of band type, 0.65 kW, and is placed around the block cir-
cumference, while the second is of slot type, 0.5 kW, and is placed in the four groves in the 
upper part of the block as illustrated in Fig. 3.4.     
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(a)  Brass Cylindrical Block 
 
 
 (b)  Copper Cylindrical Block 
 
 
(c)  Carbon Steel Cylindrical Block 
 
Fig. 3.2 Photographic view of cylindrical block for three types of material (a) Brass, (b) 
Copper, and (c) Carbon steel. 
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Fig. 3.3 Schematic drawing of block and thermocouple placement 
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1-Tested block, 2-Thermocouples , 3-Sheath heater, 4-Band type heater, 5-Slot type heater, 
6-Glass wool, 7-Block holder, 8-Nozzle, 9-Rotary shutter, 10-Hot surface, 11-Glass win-
dow, 12-High Speed video camera 
 
 
Fig. 3.4 Schematic of assembling block heater placement 
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3.2.2 Data acquisition system 
A data acquisition system was used to record the temperatures. The thermocouples are 
scanned sequentially at 0.05 sec intervals, with 8.0 ms needed to read all of the thermocou-
ples by using 16-bits resolution with an analog-digital converter. A schematic diagram of 
temperature measuring technique of the cylindrical block is shown in Fig. 3.5. The duration 
of the total data acquisition period depends on parameters such as the impingement velocity, 
uj, subcooled temperature, ∆Tsub, block initial temperature, Tint, and type of block material. 
The uncertainty in the temperature measurements is ± 0.1°C, while the uncertainty in the 
placement of the thermocouples is estimated to be ± 0.1 mm. The time lag for the response 
of the thermocouples is estimated to be less than 0.1 sec.   
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Fig. 3.5 Schematic diagram of temperature measuring technique of cylindrical block 
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3.2.3 Visual observation  
The quenching of the heated surface was recorded using a high-speed video camera as 
shown in Fig. 3.6. This camera is capable of recording pictures with a resolution of 
572×434 pixels and has a maximum frame rate of 12400 frames/sec, (see Table. 3.3). The 
video images were divided into pictures for short interval of time to allow us to measure the 
observed wetting front and transition boiling positions. The error in this measurement is ± 
0.18 mm. 
 
 
 
Fig. 3.6 Photographic view of digital high-speed video camera. 
 
 
 
3.3 UNCERTAINTY ANALYSIS 
Results of an uncertainty analysis of the primary measurement (Tint, Tliq, uj, rw) are pre-
sented in Table 3.2. 
 
Table 3.2 Uncertainties in measurements 
Quantity Total relative uncertainty 
  
Block temperature, Tint intTδ  = - 1.0 °C ~ + 5 °C 
Liquid temperature, Tliq liqTδ  = - 1.0 °C ~ + 2 °C 
Jet velocity, uj jj uuδ  = ± 4.6 % 
Radial and axial position of thermo-
couples, r, z 
zr δδ =  = ± 1.0 mm 
Radial position of trailing edge of nu-
cleate boiling region, rw 
wrδ  = ± 1.0 mm 
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3.4 LIST OF EQUIPMENTS 
The necessary information of equipments used in the present experimental work are 
given in the Table 3.3. 
 
Table 3.3 List of equipments used 
 
Name of Equipment 
 
Specification Manufacturer 
   
 
Chromel-Alumel 
sheathed thermocouple 
 
Sheath diameter: 1.0 mm 
Wire diameter: 0.1 mm 
Sukekawa Electronic 
Inc., Japan 
 
Micrometer 
 
No. 51082 
 
PIKA SEIKO LTD., 
Japan 
 
 
Differential Pressure 
Gauge 
 
Model:  PDU-2KA 
Capacity: 2 kgf / cm2 
Liner pressure: 300 kgf / 
cm2 
 
KYOWA Electronic 
 Instruments Co. Ltd.,  
Japan 
 
 
Dynamic Strain Meter 
 
Model: YA-503A 
 
KYOWA Electronic 
Instrument Ltd., Japan 
 
 
Digital Multi-meter 
 
Model: TR6855 TAKEDA RIKEN, Ja-pan 
 
AD converter 
 
Model: AD12-16TA 
(98)H Contec, Japan 
 
Digital multi-
thermometer 
 
Model: 
TR2114H/TR21143 
Advantest Corporation, 
Japan 
D. C. Amplifier Model: AH 1108 
 
NEC 
Remote control AMP 
Japan 
 
 
Personal Computer 
 
Optiplex G120 Dell 
 
High Speed Video-
Camera 
 
Model: TI-324A NAC, Japan 
Pump 
 
Model: H106-JSBCO-2P 
Total head: 40m 
Capacity: 5 l/min 
 
Nikuni Machinery In-
dustrial corporation 
Limited, Japan 
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Chapter 4 
RESULTS AND DISCUSSIONS
 
 
The high temperature cylindrical block has been quenched with the water jet at atmos-
pheric pressure. A number of experiments have been carried out for the three different ma-
terials of the cylindrical block; copper, brass and steel. The initial temperatures of the block 
were 250 °C and 300 °C. The water jet had a variety of subcooling of; 5, 20, 50 and 80 K. 
The nozzle diameter was 2 mm, and the selected jet velocities were 3, 5, 10 and 15 m/s. 
The temperature was measured inside the block and then used to estimate the surface tem-
perature and heat flux by applying the two-dimensional inverse solution by Eqs. (2.12) and 
(2.15). The movements of both wetting front and transition boiling region over the heated 
block surface were observed using the high speed video camera. The surface temperature 
and heat flux over the whole surface during quenching could be estimated well. The maxi-
mum heat flux was obtained and the surface temperature, the positions and the time at 
which this value occurred were also determined. In addition, the position of the maximum 
heat flux was compared with the position of the observed wetting front and the apparent 
boiling region.  It has been found that the maximum heat flux occurs neither in the wetting 
front, nor in the transition boiling region and it appears in fully wetted region.  
 
4.1 CALCULATION OF SURFACE TEMPERATURE AND HEAT FLUX 
The procedure for calculating of the surface temperature and heat flux by using two-
dimensional inverse solution method is explained briefly as follow: 
First, the experimental parameters should be converted to non-dimensional ones in order 
to accomplish the numerical analysis. Figure 4.1 and 4.2 show the variation of the meas-
ured temperature by the 8 thermocouples at two different depths; z1 = 2.1 mm and z2 = 5 
mm from the surface, respectively. The points of temperature measurement were increased 
from 8 to 29 points by implementing smooth Splines interpolation method for two different 
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depths as shown in Fig. 4.3 and 4.4. Then we inserted the measured temperatures after in-
terpolation for each distance in the approximate equation Eq.(2.8). The coefficients )(,
n
kjP  
are then determined from the measured temperatures using the least mean square method. 
The obtained values of )(,
n
kjP  were then inserted into Eq. (2.8) to get the corresponding re-
produced temperature curves for the two depths to check the applicability of these coeffi-
cients. Figures 4.5 and 4.6 show the reproduced temperature curves for the depth z1 = 2.1 
mm and z2 = 5 mm, respectively. Figures 4.7 and 4.8 show the difference between the 
measured temperature and the reproduced temperature at the two different depths, z1 = 2.1 
mm and z2 = 5 mm, respectively. From these two figures we can see that there is a small 
error within very short time from the beginning resulted from the end effect. Therefore, a 
good agreement for the whole surface is obtained, which indicates that the coefficients )(,
n
kjP  
are reliable and can be used in the calculation of the surface condition. Figures 4.9 and 4.10 
show the surface temperature estimated by Eq. (2.12) and the surface heat flux estimated by 
Eq. (2.15), respectively. As we see, the surface temperature and heat flux are predicted well, 
where heat and temperature are decreased smoothly over the hot surface during quenching. 
In Fig. 4.9, the track of the maximum surface heat flux, qmax, is shown by a solid line on the 
heat flux surface plane on which it decreases gradually with time and position. In Fig. 4.10, 
the surface temperature at qmax is shown by a solid line on the temperature surface plane, on 
which its value falls in the range 140 ~ 168 °C. On the r-t plane in Figs. 4.9 and 4.10, the 
positions of maximum heat flux, rq, and the observed wetting front, rw, are shown by a solid 
line and dashed line, respectively. The positions rq and rw are very close during the cooling 
of the hot surface.  
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Fig. 4.1 Measured temperature data at z1 = 2.1 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
 
 
 
Fig. 4.2 Measured temperature data at z2 = 5 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.3 Interpolating measured temperature data at z1 = 2.1 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
 
 
 
Fig. 4.4 Interpolating measured temperature data at z2 = 5 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.5 Reproduced temperature at z1 = 2.1 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
 
 
Fig. 4.6 Reproduced temperature at z2 = 5 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.7 Temperature deference between reproduced and measured at z1 = 2.1 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
 
 
 
Fig. 4.8 Temperature deference between reproduced and measured at z2 = 5 mm 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Maximum heat flux, 
qmax
Wetting front position, 
rw  
 
 
 
Fig. 4.9 Surface heat flux graph 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.10 Surface temperature graph 
 (Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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4.2 OBSERVATION CONDITION 
During quenching the heated block by the water jet, the propagation of wetting front and 
transition boiling region over the hot surface was observed by a high speed video camera. 
These observed images where captured at several selected short times as shown in Fig. 4.11. 
From these images, the positions of the wetting front, rw, and the stop boiling, rs, were 
measured at each specific time as shown in Fig. 4.12. These measured positions are plotted 
against to the time as shown in Fig. 4.13. 
 
 
 
 
0.00 sec 0.06 sec 0.12 sec 
 
 
 
 
 
0.18 sec 0.24 sec 0.30 sec 
 
 
 
 
 
0.36 sec 0.42 sec 0.48 sec 
 
 
 
 
 
0.54 sec 0.60 sec 0.66 sec 
 
 
 
 
 
0.72 sec 0.78 sec 0.84 sec 
 
 
Fig. 4.11 Photographs for liquid propagates over the hot surface during quenching 
(Brass, Tint = 300 °C, ∆Tsub = 80 K and uj = 10 m/s). 
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Fig. 4.12 Photograph of heated surface at t = 0.42 sec.  
(Brass, Tint = 300 °C, ∆Tsub = 80 K, uj = 10 m/s) 
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Fig. 4.13 Positions of wetting front and transition boiling region according to the time.  
(Brass, Tint = 300 °C, ∆Tsub = 80 K and uj = 10 m/s). 
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4.3 FLOW SITUATION 
During quenching, the flow situation at a certain time, t = 2.7 sec, is observed as shown 
in Fig. 4.14 where the wetting front spreads towards the circumference with time. From the 
video photo in Fig. 4.14 we can recognize three regimes in the flow situation: the first is no 
splashed droplets, the second is splashed droplets generated by strong vapor ejection, and 
the third is disappearance of the droplets, that is the dry area. The boundaries of the three 
regimes can be identified at the locations of rs and rw based on the observation. The posi-
tion of rw can be called the wetting front. In the region between rs and rw, the heat transfer 
changes from film boiling to nucleate boiling. For the same selected time, the surface tem-
perature, Tw, heat flux, qw, and heat transfer coefficient, h, are also calculated from Eqs. 
(2.12) and (2.15). For a comparison of the transient heat transfer coefficient, the steady 
state heat transfer coefficient for single-phase flow, hst, is calculated from correlation pro-
posed by Liu et al. [64].  By combining the observed image and the surface conditions as 
shown in Fig. 4.14, we can determine the values of Tw, qw and h at the positions rw and rs, 
and then the position, rq, at which the maximum heat flux, qmax takes place, can be deter-
mined. The position rq is not located within the transient boiling region and appears in the 
range of r < rs. The temperature Tw at rq is greater than the saturated temperature at atmos-
pheric pressure which indicates that a thin layer of bubbles is formed on the surface be-
tween rq and rs. The bubbles in this thin layer quickly condense when they are emerged 
with the single phase flow, which may make it difficult to be observed. The intersection 
between h and hst curves can show the position of the single flow region on the surface. 
The positions; rw, rs, rq and the position rh at which the maximum heat transfer coeffi-
cient hmax are plotted against time as shown in Fig. 4.15. The transition boiling region be-
tween rw and rs are increased over the hot surface during quenching. This means that the 
bulk liquid temperature increases in the flow direction. At the beginning when the water jet 
strikes the hot surface, rw and rs suddenly expand over the hot surface, while rq starts after 
1.4 sec, while rh starts after rq starts.   
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Fig. 4.14 The positions rq, rs and rw at specific time (t = 2.7 sec) on the flow boiling aspect 
and the values of qw, Tw , h and hst for each positions 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.15 Positions of  rq, rh, rs and rw according to the time 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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4.4 SURFACE HEAT FLUX AND TEMPERATURE 
Figure 4.16 shows the surface heat flux distribution at different selected positions with 
time, where it increases until reaching a maximum value and then decreases with time for 
each position. Figure 4.17 shows the surface temperature at different selected positions with 
time, where it decreases sharply at the beginning, and then continues decreasing gradually. 
The values of surface heat flux and temperature at rw, rs and rh are shown in Figs. 4.16 and 
4.17, respectively. The transient boiling region occurred between the two positions rw and rs, 
where it increases with increasing surface heat flux and decreasing surface temperature dur-
ing the wetting front movement from one position to another one with time as shown in Fig. 
4.16 and 4.17. The transient boiling region starts with film boiling which is characterized 
with high temperature difference between the surface and the subcooled water, and is ac-
companied with generating large number of small size droplets. These droplets become lar-
ger in size and their number decreases during film boiling progress over the heated surface. 
In Fig. 4.17 we can see that qmax occurs when the surface temperature becomes less than 
168 °C, while hmax occurs when the surface temperature is between 120 ~ 140 °C. From this 
figure we can conclude that qmax does not occur at the same time of the jet water striking the 
heated block, but it occurs when Tw decreases to a value in the range of 140 ~ 168 °C. Fig-
ure 4.18 shows the surface heat flux and surface temperature as functions of position for 
different selected times. At 0.1 sec there is no much change in surface temperature and heat 
flux, while at 1.0 sec surface temperature decreases and surface heat flux increases for the 
same position. In Fig. 4.18, the transition boiling region between rs and rw for different se-
lected times moves with position, and this movement is accompanied with decreasing Tw 
and increasing qw. The transition boiling region occurs far from the position of maximum 
heat flux occurrence when t = 1.0 sec, while when t = 8.0 sec the maximum heat flux and 
transition boiling region occur at the same position. The maximum heat flux depends 
largely on surface temperature, while the leading edge of transition boiling depends on the 
surface temperature in addition to other parameters such as jet velocity and liquid tempera-
ture.     
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Fig. 4.16 Surface heat flux as a function of time 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.17 Surface temperature as a function of time 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.18 Surface heat flux and surface temperature as a function of position 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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4.5 HEAT TRANSFER COEFFICIENT 
Figure 4.19 shows the heat transfer coefficient at different selected positions with time, 
where h increases sharply at the beginning to reach a maximum value, hmax, and then de-
creases very slightly to reach a constant value. Also in Fig. 4.19 we see that hmax occurs at a 
time after the occurrence of qmax. The constant value that h reaches may indicates that the 
single phase starts to be fully developed. Figure 4.20 shows h as a function of position for 
different selected times. From this figure we can use hst [64] as a reference to distinguish be-
tween the value of h at the single phase region and that at the boiling region. The first inter-
section points between h and hst curves which are close to the hmax can show the positions 
of the single flow region. In Fig. 4.20, the area between rw and rs defines the transient boil-
ing region on the surface, where it moves with position for different selected times, and this 
movement is accompanied with increasing h. When t = 1.0 sec, h of the transient boiling 
region is much lower than that at t = 8.0 sec, and this is caused by the large difference in 
temperature which leads to releasing high quantity of droplets.  This temperature difference 
decreases during quenching, and the released quantity of droplets decreases also. 
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Fig. 4.19 Heat transfer coefficient as a function of time 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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Fig. 4.20 Heat transfer coefficient as a function of position 
(Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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4.6 WETTING MECHANISM  
 It is of special interest to understand the heat transfer mechanism and flow situation of 
the water jet in relation to the hot surface during the wetting front movement. Based on, 
firstly, the liquid flow situation over the hot surface observed by the high speed video cam-
era, and secondly, the heat transfer rates at the surface which are estimated from the inverse 
solution, we could build an image about the structure of the area between the hot surface 
and the water jet. For the sake of clarifying this point from the time of water jet striking the 
hot surface until the time at which maximum heat flux occurs we analyzed four conditions 
at four selected intervals of time , t = 1, 4, 5 and 6 sec.  
The observed image in Fig. 4.21-(a) and at t = 1 sec shows that the stagnation zone still 
did not expand over the hot surface, where the graph shows that there are small increases in 
qw and h while Tw  undergoes a small decrease. The high temperature difference between Tw 
and Tsat is responsible for generating vapor at the surface. Therefore, it is believed that part 
of the vapor is converted to bubbles which then collapse due to condensation shortly after 
leaving the surface. The other part of the vapor is compressed between the surface and the 
liquid flow forming a layer δv. The δv thickness can be assumed from heat conduction in the 
vapor layer to be approximately ≈10 µm since qw = 0.326 MW/m2 and (Tw - Tsat) = 180 K 
are measured as shown in Fig. 4.21-(a). 
This δv is very thin and it reduces the heat transfer coefficient between the surface and 
the liquid, which leads to a delay in the occurrence of the maximum heat flux. All the liquid 
at the leading edge of the wetting front is converted to droplets when they impact the hot 
surface. The pressure vapor in the layer δv is raised due to a dynamic pressure of the jet im-
pingement and pushes the droplets away from the surface at the leading edge. In Fig. 4.21 
the wall heat flux beyond the opposite position of the wetting front rw, has values which are 
too high to be explored by heat transfer from the block to the vapor phase only. This sug-
gests that there is a very thin liquid layer extending from the stagnation zone and passing 
under the droplets probably is a tongue shape, and then rapidly evaporating from the sur-
face. This liquid layer is extremely difficult to be observed due to the blockage of the 
splashed droplets and quite thin liquid film.   
At t = 4.2 sec the surface temperature decreases to 270 °C, while the qw and h show al-
most the same values of the previous time as shown in Fig. 4.21-(b). This means that the 
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layer δv still has the same thickness and, therefore, still has the same effect of separating the 
liquid from the surface. The observed image shows that the wetting front expands a little 
compared to the previous condition. The reason behind this behavior is that the pressure in 
δv decreases due to the decrease in the surface temperature. Therefore, the vapor on the sur-
face has less effect than for t = 1 sec in pushing droplets away from the wetting front. 
At t = 5 sec the water flow situation over the hot surface has a greater change than the 
previous two conditions, where the wetting front expands over the surface and qw and h 
suddenly increase while Tw decreases to 210 °C as shown in Fig. 4.21-(c). Under this condi-
tion we suggest that the increases in qw and h are resulted from the vanishing of the layer δv 
leading to the starting of the nucleate boiling.  
At t = 6 sec the maximum surface heat flux occurs and h increases while Tw decreases to 
140 °C as shown in Fig. 4.21-(d). The maximum heat flux, qmax appears when the nucleate 
boiling occurs at the surface due to the difference in temperature between Tw and Tliq. The 
wetting front expands up to 10 mm from the center of the hot surface according to the ob-
served image while qmax occurs at 2.5 mm from the center according to the graph. It is be-
lieved that there is a macrolayer of vapor and liquid between the liquid flow and the surface 
along the distance between qmax and wetting front locations.   
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Fig. 4.21 Wetting mechanism (Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 3 m/s, (a) t = 1 sec, 
(b) t = 4.2 sec, (c) t = 5 sec, (d) t = 6 sec)  
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4.7 MAXIMUM SURFACE HEAT FLUX   
The maximum surface heat flux moved from one position to another while its value de-
creased during propagation of the wetted area over the hot surface from the stagnation zone 
towards the circumference. This maximum heat flux, qmax occurs when Tw decreases to a 
value in the range (170 ~ 110 °C) in all the conditions as we saw in Fig. 4.17. Figure 4.22 
shows the behavior of qmax as a function of the position, r, for the three materials and the 
two initial temperatures of 250 °C and 300 °C at a subcooling of ∆Tsub = 80 K and a jet ve-
locity of uj = 10 m/s. We can see in this figure that the type of material affects qmax values in 
a way that the heat removed from copper is greater than those removed from brass and steel. 
This can be justified with the help of the thermal conductivity which takes the highest value 
for copper followed by brass, where steel has the lowest value. The difference in thermal 
conductivity is reflected in different rates in heat transfer. Figure 4.22 also shows that the 
initial temperature does not have much effect on qmax values. 
Figure 4.23 shows the behavior of qmax for the copper block as a function of the position 
for the different subcooling, ∆Tsub = 80, 50, 20 and 5 K, at Tint = 250 °C and uj = 10 m/s. 
This figure shows that the greater the subcooling, the greater the value for qmax.  
Figure 4.24 shows the behavior of qmax for the copper block as a function of the position 
for different jet velocities, uj = 3, 5, 10 and 15 m/s, at Tint = 250 °C and ∆Tsub = 50 K. This 
figure shows that the value of qmax increases with increasing uj. The reason behind this ten-
dency is that the increase in uj decreases the thickness of the vapor layer and the number of 
droplets. The high jet velocity means high liquid stream flow over the hot surface which 
leads to the occurrence of the wetting area that enhances the heat transfer. 
Figure 4.25 shows the time at which qmax occurs as a function of uj for the copper block 
at Tint = 300 °C, and r = 8 mm, for the different subcooling, ∆Tsub = 80, 50, 20 and 5 K. 
From this figure we find that qmax at low ∆Tsub and low uj needs a longer time than at high 
∆Tsub and high uj. The reason is that the film boiling region in the leading edge appears ear-
lier due to a large amount of vapor generation for low ∆Tsub and low uj, which means that 
surface wetting is greatly delayed and hence the appearance of the maximum heat flux con-
dition is also delayed. At the stagnation zone a thick vapor layer is established because the 
low ∆Tsub liquid evaporates once it strikes the high surface temperature and the low jet ve-
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locity, uj, does not feed sufficient liquid to wet the surface. After a period of time Tw de-
creases to the value at which qmax occurs.  
Figure 4.26 shows the difference between the surface temperature at which the maxi-
mum heat flux occurs and the saturated temperature, (Trq - Tsat), as a function of qmax for the 
copper, brass and steel at Tint = 300 °C, uj = 10 m/s and two different subcooling ∆Tsub = 20 
K and 50 K. In Fig. 4.22 we can see that the maximum heat flux occurs when (Trq - Tsat) 
decreases to the range of 35 to 75 °C for brass, to the range 35 to 60 °C for copper and to 
the range 10 to 80 °C for steel. The difference in the slope between the three lines shows 
that the thermal properties of the material have an effect on Trq value. Figure 4.26 also 
shows that the maximum heat flux decreases with decreasing surface temperature, Trq, dur-
ing wetting front movement over the hot surface. The data of the other conditions shows 
almost the same behavior of that illustrated in Fig. 4.28. 
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Fig. 4.22 Effect of material and initial temperature on the maximum surface heat flux 
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Fig. 4.23 Effect of subcooled on the maximum surface heat flux 
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Fig. 4.24 Effect of jet velocity on the maximum surface heat flux 
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Fig. 4.25 Time at which maximum surface heat flux occurs 
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Fig. 4.26 Relation between maximum surface heat flux and surface temperature 
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4.8 WETTING FRONT VELOCITY 
The wetting front velocity is also very important parameter as an indication of how 
quickly the coolant contributes to effective heat removal from the hot surface. In this study, 
the high speed video camera is used to estimate the wetting front velocity 
Figure 4.27 shows the average wetting velocity against the subcooling for different jet 
velocities. In this figure we can see that the wetting front velocity increases with increasing 
subcooling. For low subcooling, the increase in boiling region and droplets forms an obsta-
cle against the spread of liquid over dry region.  
Figure 4.28 shows the average wetting velocity against the jet velocity for different 
types of materials. In this figure we can see that the wetting front velocity decreases for 
copper compared with brass and steel. This is caused by the fact that the thermal conductiv-
ity in copper is larger than that of the other two materials. 
Figure 4.29 shows the average wetting velocity against the jet velocity for different ini-
tial temperatures. In this figure we can see that the wetting front velocity decreases with 
increasing initial temperature. The large difference in temperature between solid and liquid 
sides leads to large heat transfer to the liquid side, some of which is consumed for generat-
ing large numbers of droplets at the leading edge. The forming of droplets, therefore, leads 
to slow forward movement of the wetting front.  
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Fig. 4.27 Effect of subcooling on wetting front velocity. 
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Fig. 4.28 Effect of material types on wetting front velocity. 
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Fig. 4.29 Effect of initial block temperature on wetting front velocity 
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4.9 RESIDENT TIME OF WETTING FRONT 
During quenching, the time that is needed for liquid to start wetting the heated surface is 
of great importance. This time is named the resident time. From the available literatures, no 
research has been found that discuses this critical point. In this section, the parameters that 
affect the time at which wetting starts over the heated surface are discussed.  
The resident time of the wetting front, tsw, is the time needed for the liquid to expand 
from stagnation zone towards the circumference over the heated block. Figure 4.30 shows 
that tsw has the value of 30 sec when liquid of 50 K subcooling strikes the copper block at 
300 °C initial temperature by jet velocity of uj = 5 m/s. In the following paragraphs, the ef-
fects that type of block materials, initial temperature, subcooling and jet velocity have on 
the value of tsw are discussed.   
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Fig. 4.30 The position of wetting front according to the time observed by high speed video 
camera. 
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4.9.1 Effect of the material type  
Figure 4.31 shows the effect of the material type on the resident time of wetting front at 
∆Tsub = 5 K and Tint = 300 °C. This figure shows that the wetting front takes long time to 
expand for copper than it takes for brass and steel. The reason behind this observation is 
that the thermal conductivity of copper is larger than that of brass and steel, which means 
that higher capacity of heat stored in copper than in the other two materials. 
 
4.9.2 Effect of initial temperature 
Figure 4.32 shows the effect of initial temperature on the resident time of wetting front 
for copper and at ∆Tsub = 5 K. This figure shows that the resident time increases with in-
creasing initial temperature. The reason of this behavior is that at high initial temperature, 
most of the liquid evaporates until the surface temperature is reduced to a suitable tempera-
ture that initiates the wetting front expansion over the hot surface.  
 
4.9.3 Effect of subcooling 
Figure 4.33 shows the effect of subcooling on the resident time of wetting front for cop-
per and at Tint = 300 °C. This figure shows that the resident time decreases with increasing 
subcooling. This is caused by the thickness of the vapor layer, δv, which appears in the 
stagnation zone, where it takes long time to vanish for low subcooling than for high one.  
 
4.9.4 Effect of jet velocity 
Figures 4.31, 4.32 and 4.33 show that the resident time increases with increasing the jet 
velocity for different subcooling temperatures, different initial temperatures and different 
types of the tested material. 
  
4.9.5 Correlation of resident time 
Figure 4.34 shows the resident time occurring for the various experimental conditions. 
The result for the resident times more than 4 second are given in Fig. 4.35, since the cases 
for tsw < 4 sec can be judged as the instant movement of the wetting front. 
Figure 4.34 shows that for the case of the subcooling, ∆Tsub = 80 K, the wetting front in-
stantly goes forward as shown in Fig. 4.17 after the jet impingement for any condition of jet 
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velocity, uj, and the initial temperature, Tint, namely tsw = 0. For the case of steel, the resi-
dent time appears only for the condition of uj = 3 m/s and ∆Tsub = 5 K. For the case of cop-
per, the wetting front hardly goes forward after the jet impingement among three materials. 
Figure 4.35 shows the measured resident time plotted against the jet velocity. It is found 
from Fig. 4.35 that for the extreme case of Tint = 300 °C, ∆Tsub = 5 K, uj = 3 m/s and copper, 
the resident time reaches about half hour. During the resident time, the surface is covered 
with the vapor under the impinging zone, in which the wetting point is observed to be fluc-
tuating violently around influential area of jet and then the surface temperature gradually 
drops over the cooled surface by film boiling and heat conduction. Figure 4.36 shows that 
the resident time increases with a decrease in the jet velocity and also increases in order of 
steel, brass and copper for the same condition. 
In order to discuss an effect of the subcooling, jet velocity and initial temperature on the 
resident time, we tentatively assume that the wetting front does not go forward during a 
balance of heat transfer from solid to liquid, that is qliq is equal to qs. The heat flux trans-
ferred from the solid through heat conduction can be approximated as: 
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where α is a constant depends on the surface condition. For the case of isothermal surface, 
α is approximately given as 12 , which is obtained by an integral method. On the other 
hand, the heat transfer for the liquid can be given as qliq = h (Tw(t) – Tliq), where h is a heat 
transfer coefficient and may be a function of liquid velocity and superheat of heated surface. 
From qliq = qs, one may obtained the following equation, 
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The heat transfer coefficient is generally a function of the jet velocity and the temperature 
differences of (Tw(t) – Tliq), which may be related to (Tint – Tliq) and (Tsat – Tliq). 
Figure 4.36 shows the resident time plotted against a combination of uj, (Tint – Tliq) and 
(Tsat – Tliq) and expresses the following equation, which can be determined by the least 
mean square method. 
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It is found from Fig. 4.36 that the resident time for any material of carbon steel, brass and 
copper can be predicted except for a couple of data in a range of tsw < 100 sec by Eq. (4.3). 
In addition, the left hand side in Eq. (4.2) can be considered to forecast the heat conduction 
in the solid correctly during the quench. 
 
0 250 500 750 1000 1250 1500 1750 2000
Steel
Brass
Copper
 
tsw  [sec]
M
at
er
ia
ls
   uj   [m/s]
    3
    5
    10
    15
  Tint = 300
oC
  ∆Tsub = 5 K
 
Fig. 4.31 Resident time of wetting for different types of materials 
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Fig. 4.32 Resident time of wetting for different initial temperatures 
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Fig. 4.33 Resident time of wetting for different subcooling 
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Fig. 4.34 Resident time, tsw at which wetting location goes forwards 
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Fig. 4.35 Relationship between resident time and jet velocity 
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Fig. 4.36 Correlation of resident time 
 
 
 
Chapter 4                                                                                   RESULTS AND DISCUSSIONS
   
 92
4.10 TEMPERATURE AT THE QUENCH FRONT 
The surface temperature is an important parameter whose tendency helps understanding 
the quenching phenomena. Most of the researchers used surface temperature to specify the 
quenching behavior over the hot surface. This behavior includes quench front location, the 
temperature at which the hot surface starts wetting, and the maximum heat flux.  
In this study, the surface temperature during the quenching is specified into four differ-
ent binds of temperatures as shown in Fig. 4.37. These temperatures are: the temperature at 
the wetting front, Trw, the temperature at the stop boiling, Trs, the temperature at the maxi-
mum heat flux, Trq, and the temperature at the maximum heat transfer coefficient, Trh.   
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Fig. 4.37 The positions Trw, Trs, Trq and Trh on the surface temperature curve at specific 
time, t = 2.7 sec. (Brass, Tint = 300 °C, ∆Tsub = 50 K, uj = 5 m/s) 
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4.10.1 Effect of subcooling on the Trw and Trs. 
Figure 4.38 shows the effect of subcooling on Trw, Trs, Trq and Trh. This figure shows that 
Trw and Trs decrease with position and with decreasing the subcooling, while Trq and Trh al-
most kept constant. The area of transition boiling region between the Trw and Trs increases 
with position and with decreasing subcooling.  
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Fig. 4.38 The temperatures Trw, Trs, Trq and Trh for different subcooling,  
                (a) ∆Tsub = 80 K, (b) ∆Tsub = 50 K, (c) ∆Tsub = 20 K. 
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4.10.2 Effect of jet velocity on the Trw and Trs 
Figure 4.39 shows the effect of the jet velocity on Trw and Trs. This figure shows that Trw 
and Trs decrease with position and with increasing the jet velocity. The area of transition 
boiling region between the Trw and Trs decreases with increasing uj. 
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Fig. 4.39 The temperatures Trw, Trs, Trq and Trh for different jet velocities, 
                (a) uj = 3 m/s, (b) uj = 5 m/s, (c) uj = 10 m/s. 
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4.10.3 Effect of material type on the Trw and Trs 
 Figure 4.40 shows the effect of material type on Trw and Trs. This figure shows that Trw 
and Trs decrease with position for the three tested materials, where this decrease gets 
smoother in the order of copper, brass and steel. The area of the transition boiling region 
between Trw and Trs increases with position for the three tested materials, where this in-
crease gets smoother in the order of copper, brass and steel. 
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Fig. 4.40 The temperatures Trw, Trs, Trq and Trh for different type of materials,  
                (a) Copper, (b) Brass, (c) Steel. 
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4.10.4 Effect of initial temperature on the Trw and Trs 
Figure 4.41 shows the effect of the initial temperature on Trw and Trs. This figure shows 
that Trw and Trs decrease with position and with decreasing the initial temperature. The area 
of transition boiling region between the Trw and Trs increases with increasing Tint. 
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Fig. 4.41 The surface temperatures Trw, Trs, Trq and Trh for different initial temperatures,  
                (a) Tint = 250 °C and (b) Tint = 300 °C. 
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4.10.5 Effect of initial temperature on the Trq and Trh. 
Figure 4.42 shows the average of the surface temperature at the maximum heat flux 
against the subcooling for different jet velocities and different initial temperatures. This fig-
ure shows that the maximum heat flux occurs when the surface temperature decreases to the 
range (148°C ≥ Trq ≥ 158°C) for an initial temperature of 300 °C, and decreases to the 
range (138 °C ≥ Trq ≥ 148 °C) for an initial temperature of 250 °C. Subcooling and jet ve-
locity have no effect on Trq.  
Figure 4.43 shows the average of the surface temperature at the maximum heat transfer 
coefficient against the subcooling for different jet velocities and different initial tempera-
tures. This figure shows that the maximum heat transfer coefficient occurs when the surface 
temperature decreases to the range (135 °C ≥ Trh ≥ 110 °C). A jet velocity of uj = 15 m/s 
and a subcooling of ∆Tsub = 80 K have a small effect on Trh.  
 
4.10.6 Effect of type of material on the Trq and Trh. 
Figure 4.44 shows the average of the surface temperature at the maximum heat flux 
against the subcooling for different jet velocities and different types of materials. This fig-
ure shows that the maximum heat flux occurs when the surface temperature decreases to the 
range (125 °C ≥ Trq ≥ 158 °C) for different types of materials.  
Figure 4.45 shows the average of surface temperature at the maximum heat transfer co-
efficient against the subcooling for different jet velocities and different types of materials. 
This figure shows that the maximum heat transfer coefficient occurs when the surface tem-
perature decreases to the range (138 °C ≥ Trh ≥ 100 °C) for copper and brass, and decreases 
to the range (138 °C ≥ Trh ≥ 70 °C) for steel. High jet velocity and high subcooling have a 
small effect on Trh in the case of steel.  
The Trh for steel decreases to a temperature less than the saturated temperature when the 
subcooling is 50 and 80 K, compared with brass and copper. Also from the observed image 
we can see that the transient boiling appears on the hot surface of steel in very short time 
compared with the other two materials. This occurs because the thermal conductivity of 
steel is less than that of brass and copper. In the case of low thermal conductivity, the rate 
at which heat transfers from the surface to the liquid is higher than the rate at which heat 
transfers from inside the solid to its surface.  
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Fig. 4.42 Average of Trq at brass for different initial temperatures, different subcooling and 
different jet velocities.  
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Fig. 4.43 Average of Trh at brass for different initial temperatures, different subcooling and 
different jet velocities. 
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Fig. 4.44 Average of Trq at Tint = 300 °C for different types of materials, different subcool-
ing and different jet velocities. 
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Fig. 4.45 Average of Trh at Tint = 300 °C for different types of materials, different subcool-
ing and different jet velocities. 
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Chapter 5 
CONCLUSIONS 
 
 
 
An experimental study for understanding the characteristics of heat transfer and wetting 
front during quenching of a heated surface by jet impingement has been carried as pre-
sented in this dissertation. In this study, three different materials of a cylindrical block were 
heated up to different initial temperatures and quenched by water at different subcooled 
temperatures with different jet velocities. Experimental data were presented showing the 
effects of the different investigated parameters and analyzed so that one can understand the 
characteristics of quenching. Therefore, from the observations of the movement of both 
wetting front and transition boiling region over the heated block surface and the estimated 
surface temperature and heat flux, the following conclusions are drawn:   
 
1) By using the Laplace transform technique, the inverse solution for two-
dimensional IHCP could predict well the surface temperature and heat flux over 
the whole surface with an error less than a few percent.  
 
2) The positions where the maximum heat flux and maximum heat transfer coeffi-
cient take place during the quenching are qualitatively made clear. 
 
3) Surface temperatures at quench front, transition boiling region, maximum heat flux 
and maximum heat transfer coefficient during quenching become known.   
 
 
4) Maximum heat flux, qmax, occurs neither in the wetting front, nor in the boiling re-
gion.  
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5) Maximum surface heat flux, qmax, dose not starts at the same time that jet water 
strikes the heated block, but it starts when surface temperature, Tw, decreases to a 
value less than 170 °C. 
 
6) The wetting front does not expand for some experimental condition immediately 
after the jet impinges on the hot surface. There is a resident time for the wetting 
front to start expanding. Equation (4.3) to predict the resident time is proposed. 
 
7) The time at which maximum heat flux occurs for low subcooling and low jet ve-
locity is longer than that for high subcooling  and high velocity. 
 
8) The resident time of wetting front increases with increasing initial temperature, 
subcooling, and thermal conductivity of the tested material and with decreasing jet 
velocity. 
 
9) Wetting velocity decreases with increasing initial temperature, subcooling, thermal 
conductivity of the tested material and with decreasing jet velocity. 
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APPENDIX 
 
 
 
 
Procedure of Determining the Coefficients 
Constants used in the Two-Dimensional Inverse 
Solution  
 
Generally, the Laplace-transformed subsidiary function of surface temperature and heat 
flux can be written in the form of )()()( sKsfs ⋅=θ , where )(sf  and )(sK are 
temperature approximate function and kernel function (introduced in appendix Table A.1 
and A.2), respectively. To get the real solution to IHTP (surface heat flux and temperature), 
inverse Laplace transformation, which is written in the following equation, is needed 
performing to θ . 
 
dsse
i
ic
ic
s )(
2
1)( θπτθ
τ∫∞+
∞−
=                                                                                                   (A.1) 
 
   In this research, the above complex integral is carried out after the kernel function K(s) is 
extended around s = 0. The subsidiary function of surface temperature and heat flux that 
depicted in form of K(s) is written in the appendix Table A.1. 
 
Table A.1 Laplace transformed subsidiary function to surface temperature and heat flux 
 
Surface temperature 
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In spite of coordinate systems, kernels )()(,1 sK j
l   and )()(,2 sK j
l  )2,1( =l   expanded around 
s = 0 are always written in uniform form as: 
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The coefficients )( ,
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where jih ,  is calculated from the following listed equation. The calculation to the employed 
item jig , and coefficient 
)(
,
)(
, ,
ll
jiji yx  are listed in appendix Table A.2.
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With rearrangement, ),( γθ sw   and ),( γsΦw  are derived as: 
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where )2,1(,ljG , 
)2,1(
,ljH  and so on are coefficients of Eqs.(2.12) and (2.15), respectively. The 
coefficients of )2,1(,ljG  and 
)2,1(
,ljH   can be obtained only by exchange superscripts of (1) and 
(2). 
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Table A.2 Kernel K(s) and its coefficients after expansion 
 
 
 Surface temperature ))(( )(,1 sK jl Surface heat flux ))(( )(,2 sK jl  
   
   
Kernel K(s) 



 −⋅+



 ⋅+
L
ms
L
ms
j
j
)()(sinh
)(sinh
122
2
ζζ
ζ l
 



 −⋅+



 ⋅+⋅+
L
ms
L
ms
L
ms
j
j
j
)()(sinh
)(cosh
)(
122
2
2
ζζ
ζ l
Coefficients  
 
12
)(
0, )!12(
1 +


+=
n
n Ln
x ll ζ  
 
n
n Ln
y
2
)(
0, )!2(
1 

= ll ζ  
Coj 1)( 0,1 =lCo  LCo
1)(
0,2 =l  
mj = 0 
(j = 0) 
 
Common 
terms 
12
12
0, )!12(
1 +

 −⋅+=
n
n Ln
g ζζ  
Coefficients  
 



 ⋅


⋅+=
∑
=
+−
+
L
m
m
Lk
C
x
j
nk
nk
j
k
nk
jn
l
l
l
ζ
ζ
sinh
)!12(
1)(2
12
)(
,
 



 ⋅


⋅
=
∑
=
−
L
m
m
Lk
C
y
j
nk
nk
j
k
nk
jn
l
l
l
ζ
ζ
cosh
)!2(
)(2
2
)(
,
 
Coj 



 −⋅



 ⋅
=
L
m
L
m
Co
j
j
j )(sinh
sinh
12
)(
,1 ζζ
ζ l
l  
 



 −⋅



 ⋅⋅
⋅=
L
m
L
mm
L
Co
j
jj
j )(sinh
cosh
1
12
)(
,2 ζζ
ζ l
l
 
mj > 0 
(j > 0) 
 
Common 
terms 
 



 −⋅


 −⋅+=
+−
+
=
∑
L
m
m
Lk
C
g
j
nk
j
k
nk
nk
jn )(sinh
)!12(
12
1)(2
12
12
, ζζ
ζζ
 
   
 
 
